Fe(trz)2(NCS)2 has been investigated by means of magnetic susceptibility and magnetization measurements on single crystals at temperatures 1.8-300 K, heat capacity measurements at 1.5-90 K and neutron powder diffraction at 1.2 K. The compound orders antiferromagnetically at Tc = 8.46(2) K. The susceptibilities along the orthorhombic axes are strongly anisotropic, the a axis being the preferred direction. The susceptibility data along a and the heat capacity results are in reasonable agreement with the predictions for the quadratic layer, 8 = Ising antiferromagnet, with an intralayer exchange constant J Ik --7.2(2) K. Below Tc the magnetization curve along the a axis reveals a metamagnetic transition at 1.74 kOe. In accordance with the Ising-like properties, a direct transition from the antiferromagnetic to the paramagnetic state is observed along a at 50 kOe.
Introduction
Previous reports of the present series of papers have shown that 1,2,4-triazole (trz) and its derivatives often yield metal complexes in which these ligands act as bridging groups [1 -6] .
From X-ray single crystal diffraction experiments it was found that the compounds of formula M (II) (trz) 2 (NCS)2 , with M = Co, Zn and Cu, have very similar layered crystal structures [1] . From the X-ray powder diffraction patterns the Mn, Fe, Co and ß-Ni members of the series were found to be isomorphous [2] . As may be expected from their crystal structure, these materials exhibit 2-d (d = dimensional) properties. Mn(trz)2(NCS)2 behaves as a 2-d, S = 5/2 Heisenberg antiferromagnet [3] and Co (trz) 2 Co compounds are practically identical [5] . Also, the results of magnetic measurements on powders are very similar [6] . Susceptibility measurements on powdered Fe(trz)2(NCS)2 revealed a large peak at 8.8 K, and in the magnetization vs. field curve a jump was found at 1.7 kOe. These results were ascribed to the presence of spin canting, possibly related to the tilted FeN6 octahedra in the crystal structure [5, 6] .
In order to obtain a more complete picture of its magnetic properties, Fe (trz) 2 [7] drawing of the crystal structure of Fe(trz)o (NCS)2. The top half of the unit cell has been omitted. For clarity only two NCS groups and two H atoms are shown. Possible interlayer hydrogen bonding is indicated by dotted lines.
ions are at special positions (0, 0, 0) and (0, h, I). They are connected by trz groups in the planes y = 0 and y = i, and thus a layered structure is formed. N-donating NCS -groups protrude on either side of the layers. The FeN6 octahedra are tilted in the planes z -0 and z = i, the angle with the b direction being 31°. Exchange interactions between neighbouring Fe ions may take place via the following paths: (a) via the bridging trz groups in the planes y = 0 and y = h, (b) via hydrogen bonding between the sulphur atom of an NCS" group in one layer and a H(l) atom of a trz group in a neighbouring layer (see Figure 1 ). The strongest exchange will take place via path (a), so that in the layers the Fe ions are connected equivalently to four nearest magnetic neighbours. Hence the planes y = 0 and can be considered as quasi-quadratic magnetic lattices. From the large number of non-magnetic atoms involved in path (b), one expects the interlayer interactions to be much weaker than the intralayer exchange, resulting in the observed 2-d properties.
Further, it should be mentioned that the trz rings are disordered. In the refinement of the X-ray data it was found that 40% of the trz rings are rotated over 180° around a pseudo two-fold axis pointing from C(3) to the midpoint between N(l) and C(5) [1, 5] , Therefore, effectively, both H(l) and H (5) in the structure as shown in Fig. 1 can be considered to form a hydrogen bond to the NCS group. Recent Mössbauer measurements seem to indicate that the trz rings are reversed in a random way throughout the structure [8] .
Experimental
Single crystals were prepared in the following way. A solution of FeCl2-4H20, acidified with HCl, was added to a solution containing equimolar quantities of trz and NH4NCS. The concentration of Fe(trz)o(NCS) was approximately 0.1 mmol/ml. S02 was passed through the solution to reduce Fe(III). A beaker with the solution was placed over P205 in a dessicator which was flushed with N2 . After 1 -2 weeks very pale green crystals appeared which were isolated, dried with filter paper and stored over P205 . The crystals are rather flat and diamondshaped. Often the diamond is elongated to a parallelogram. Like in the Mn and Co compounds, the b axis is perpendicular to the flat surface and the a and c axes are along the bisectors of the diamond or parallelogram. A number of cyrstals with a total mass of 17.85 mg was mounted with Apiezon grease in a delrin cube which was attached to the sample rod of a commercial vibrating sample magnetometer, equipped with a superconducting magnet supplying fields up to 56kOe [9] . Measurements at 80 -300 K were performed with a Faraday balance [10] .
All measured susceptibilities and magnetizations were corrected for diamagnetism, using a value of 156 (5) x 10 -6 e.m.u./mole, as was determined for the Zn compound.
Heat capacity measurements were performed at 1.5 -90 K on a powdered sample, compressed into a calorimeter can, using conventional heat pulse techniques [11] .
The neutron diffraction pattern at 1.2 K w T as recorded using the powder diffractometer at the HFR reactor at Petten.
Results and Discussion

Heat Capacity Measurements
The measured specific heat of Fe (trz) 2 (NCS) 2 is shown in Figure 2 . (1)). This had to be ascribed to the presence of an energy level relatively close (at ~40K) to the doublet ground state. In order to obtain the positions of the energy levels, the principal susceptibility data at 80 -300 K (corrected for the presence of exchange) were fitted to angular overlap parameters using the program CAMMAG [13, 14] (see last section). The five lowest levels were found at 0, 3, 66, 90 and 110 K, respectively. In subsequent trials we subtracted from the total specific heat a Schottky contribution, arising from levels at 66, 90 and 110 K above the ground doublet, together with a scaled lattice contribution, trying different values for r in (1) . In this way still no acceptable specific heat curve could be obtained, unless the three higher levels were shifted somewhat. This seems justified, as the CAMMAG program does not account for the presence of exchange and because the fit to the susceptibility data was by no means unique. A satisfactory result finally came out by placing the higher levels at 45, 120 and 150K with r=1.04, using the Cu data. The solid curve in Fig. 2 represents the Schottky contribution and the dashed line the sum of the Schottky and lattice contributions which were subtracted from the total heat capacity. The resulting magnetic specific heat is shown in Fig. 3 in a double logarithmic plot. In order to determine the total magnetic entropy Soo and energy E0, the curve in Fig. 3 was extrapolated to T= oo. Contributions below 7 1 =1.5K were negligibly small (less than 1%). We found Sx/R = 0.68(3)K, which is indeed close to the theoretical value of 0.693 K. 54% of the entropy is gained below Tc . The total magnetic energy amounts to EJR = 7.2 (3) K of which 36% is gained below Tc. As can be seen from Fig. 3 the magnetic specific heat fits reasonably well to the predictions for the quadratic 5=2
Ising model [15] , with J/k = -7. 2 /k, with 2 = 4 (the number of nearest magnetic neighbours). Close to Tc there are deviations from the ideal 2-d behaviour. The experimental peak does not coincide with the theoretical curve and on the high temperature side the experimental specific heat drops more rapidly than the theoretical curve. Apparently, near Tc the weak interlayer interactions (see below) lead to a crossover from 2-d to 3-d behaviour. These deviations from ideality also show up in the critical values, given in Table 1 . 
EjR = z | J | S'
[16] As will become apparent in the discussion of the neutron diffraction results, this peak can be caused by spin canting too, owing to a small monoclinic distortion below Tc .
On basis of the results from the previous section, the susceptibility data in the a direction were compared with the predictions for the parallel susceptibility of the quadratic Ising lattice with 5=5 [17] . For S<T<14K a fair fit was obtained with to zero as one would expect for an easy direction. This deviation may, however, be ascribed to a canting of the spins away from the a axis (see next section). The discrepancy between theory and experiment for 7">14K is obviously attributable to contributions from higher energy levels relatively 64 close to the ground doublet as we already found in the analysis of the heat capacity data. Figure 6 represents the magnetization as a function of the applied field along the three orthorhombic 
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Magnetic Structure and Interlay er Interactions
The peaked Mb vs. T curve can be explained by the existence of weak ferromagnetic moments parallel to b, owing to spin canting. The peak is caused by hidden canting, since the magnetization measurements reveal that there is no net moment in low fields. From this conclusion, together with the observations that the a axis is nearly an easy direction and that only minor anomalies occur along c, we deduce that the magnetic moments are canted away from the a direction and are lying almost perpendicular to the c direction. Thus the magnetic structure probably consists of four sublattices, as shown in Figure 9 a. M1 and M2 belong to one layer and Ms and Mi to a neighbouring one. Because of the canting, the layers possess net moments (along b), which are antiparallel in adjacent layers. The jump in the Mi,vs.H curves can now be explained by assuming that at the critical field Hc h all net moments of the layers become aligned in the b direction. This implies a reversal of the directions of half of the spins (Figure 9 b) . Similarly, at the critical field i/c a , the a-components of the magnetic moments become aligned along a. This transition will result in a arrangement as shown in Figure 9 which are forbidden in Aba2, indicating that the magnetic lattice will be primitive.
The data were analysed by means of Rietveld's profile program [21] . Atomic form factors for Fe(II) were taken from Watson and Freeman [22] and scattering lengths from Bacon [23] . The agreement indices which are referred to have been given previously [4, 21] . The profile intensities a is the acute angle between the scattering vector and the normal of the platelike crystallites. G is called the preferred orientation parameter. The structural parameters used in the refinement were those found by X-ray diffraction at room temperature and were kept constant. Refinement in Apba'2' turned out to be impossible. Certain nuclear reflections appear to be broadened, e. g. the reflection 122 (inAba2). This reflection is split up in two reflections which we tentatively indexed as 122 and 122. This implies that the cell becomes monoclinic with a 90° (with respect to Aba2). In that case the space group could be Ab. A more regular setting would be Pn, which can be obtained by means of the transformation
with b' (= c) as the monoclinic axis.
It is interesting to mention that the Cu compound of the series is in the same way monoclinically distorted [1] . A satisfactory result with a = 88.27(2)° was obtained after several cycles of refinement, keeping the components of the magnetic moments fixed at the values Mx = 4.3 juB , My = 0.65 jUß and Mz = 0 which were found from the magnetization measurements. Refinement of Mx and My resulted in ^^ = 4.1 juB and My = 1.2 jlib . The latter value should be regarded as unrealistic when compared with the magnetization results. It must be pointed out, however, that My is calculated from the intensities of relatively weak magnetic reflections, many of which are obscured by overlapping nuclear reflections. The value of My will therefore be very sensitive to changes in the positional parameters (which were not refined) and to small variations in the estimated background intensity. The same will be true for Mz which may be non-zero due to the lower symmetry. However, comparison of the peaks in the Xb and %c curves suggests that Mz My . Therefore we kept Mz = 0 and My/Mx = 0.65/4.3 in the final leastquares cycles. The fit thus obtained is represented by the drawn line in Figure 10 . Some relevant parameters are listed in Table 2 .
Although Fig. 10 shows that not all reflection intensities have been adequately accounted for, there is good agreement between calculated and observed peak positions. In view of the limited accuracy of the Because the transition temperature to the monoclinic phase is not known, no reference was made to the monoclinic axes in the previous sections.
The magnetic moments are expected to be arranged as sketched in Fig. 11 which is essentially the magnetic structure in Apba'2', with a =# 90°. Because the small peak in the Xc curve indicates that the weakly ferromagnetic moments of the layers have a small component in the c direction, the magnetic moments shown in Fig. 11 are probably perpendicular to c*.
Canting Mechanism
The magnetization measurements reveal that the magnetic moments are at angles of + 8.4° and -8.4 with the a axis. This situation is analogous to that encountered in Co (trz) 2 (NCS) 2 [4] , where it was found that the magnetic moments are at angles of 7.4° and -7.4° with the b direction. Further- Fe (trz) 2 (NCS) 2 will be close to 10° also.
We shall now calculate the value of the isotropic intralayer exchange parameter [25] , which is 
j,k
Rewriting in terms of the spin components with respect to the local g-tensor axes [24] yields:
As the magnetic behaviour of Fe (trz) 2 (NCS) 2 is
Ising-like at sufficiently low temperatures, we conclude that the effective interaction hamiltonian #e ff = -2 ] 2 Sjz Skz (?) hk will be closely approximated (the term cos 2 ft which should occur in Eq. (7) has been included in /).
From (5), (6) 
Bonding Parameters
As already mentioned in the discussion of the heat capacity measurements the susceptibility data at 80 -300 K were fitted by means of the program CAMMAG [13, 14] . The Curie "constant" will be temperature dependent due to levels at energies ~kT. The susceptibilities for the three orthorhombic directions can then be written as: [27] and references therein). The main conclusions can be summarized as follows:
1. The ea parameters could not be determined sensitively. With eö(NCS)^ 3500 cm -1 and e0(N2, N4)^ 4000 cm -1 the positions of the highest energy levels were in fair agreement with the UVV reflectance spectrum.
2. For the NCS group e"± = e"\\ = 400 cm -1 was found. In Fig. 12 the (smoothed) experimental susceptibilities, corrected according to (9) are compared with the calculated susceptibilities for the values ea(NCS) =3700, e"av(NCS) =400, e0(N2) =4200, e,±(N2) =610, ea(N4) =4600, ewl(N4) =670 (all in cm -1 ), k = 1.0 and A = -100 cm -1 .
No unique fit could be obtained, as variations up to 10% in some parameters produced fits as fair as the one shown in Figure 12 . We believe that to some extent this will be caused by ill-defined FeN6 octahedra, owing to the disordered trz groups. Nevertheless, the above values can be considered as good estimates for the ligand bonding parameters in this compound.
Conclusions
Fe (trz) 2 (NCS) 2 shows 2-d properties, both structurally and magnetically. The magnetic behaviour can be reasonably well described by predictions for the quadratic layer, S=h, Ising antiferromagnet, with an intralayer exchange constant J/k = -7.2(2) K. The magnetization measurements indicate hidden canting to be present, and can be explained in terms of a four-sublattice, compensated antiferromagnet. From the metamagnetic transition occurring along b it is deduced that the canting angle of the magnetic moments is 8°, away from the a direction. The canting is attributable to tilting of the anisotropic g-tensors in the a -b plane. The Ising-like properties explain the occurrence of a transition along a from the antiferromagnetic into 
